S CANT ATTENTION has been paid to the effect of the capabilities of the re-K_..Pcording equipment on the form of the electrocardiogram. Until recently the inherent limitations of most electrocardiographs, particularly with respect to frequency response, have been such that investigation of this problem was not easy. Moreover, with the best available apparatus, records seemed to be satisfactory and indeed often showed (and still do show) characteristics beyond the limits of our ability to interpret them.
For two reasons interest in this problem has recently been stimulated. The first is the introduction of the direct writing instruments. Some of the records, particularly of the early models, showed "smoothing" out of the curves and low amplitudes, attributable to limitation of high frequency response. In order to accept the direct writer as a satisfactory recording instrument, it is necessary to show that even with its limited range, all or nearly all of the components of physiologic or pathologic significance are detected. This is indeed a formidable task and even if it proved to be so in the present state of our knowledge, future progress Presented in part at the annual meeting of the Canadian Heart Association at Halifax on June 20, 1950. 98 in some directions might be hampered by the widespread use of such instruments in research.
The second reason for our interest is that the development and improvement of cathode ray apparatus has enabled us to investigate a much wider band of frequencies than was heretofore feasible. It should thus eventually be possible to determine (1) whether the present instruments are satisfactory for routine clinical use, and (2) whether a greatly increased frequency range is of value in research. There are of course other recording characteristics capable of improvement, but our attention will be directed only to the frequency response. No attempt has been made to study the problem of phase shift.
In late years, there has been almost no interest in the low frequency characteristics of electrocardiographs. The advent of the amplifier type of recorder some years ago raised the problem of the amount of distortion of slow waves introduced by the time constant factor. It was finally agreed that a time constant of 2.0 seconds or more would give almost distortionless reproduction of slow components and this standard is achieved by practically all commercial instruments. Recently an attempt has been made to minimize low frequency potentials from sources outside the heart by decreasing the time constant. Certain of the tracings thus recorded showed characteristics which appeared to be caused by too short a time constant. It Circulation, Iolume VIII, July, 1.953 A. J. KW9RWIN was thought advisable to re-investigate this problem.
HIGH FREQUENCY RESPONSE Little work has been done to determine the relative magnitudes of the various harmonics of the cardiac potential. Einthoven was certainly aware of the problem because he succeeded in reaching a frequency response of 300,000 cycles per second by the use of a fine string less than 1 shall not fall below 80 per cent of the square wave response to equivalent voltage variation." This specification is low enough to make acceptable most of the popular makes of instruments. Some of the early models of direct writers barely reached this level of performance; the later ones are better, but it is evident that the inertia of the writing apparatus is a limiting factor which will never permit it to approach the frequency capabilities of the cathode ray oscillograph.
The problem remained in abeyance until it was taken up by Gilford of the United States Bureau of Standards. Preliminary results6 were reported in 1948 and his tentative conclusions may be reasonably summarized as follows: (1) The necessary frequenc(y response characteristics of electrocardiographs have not yet been accurately specified, but probably should be flat to 200 cycles per second, a figure not attained by most available instruments. (2) Research demands instruments with a wider frequency range than heretofore used. An interim report7 of further work was made in 1949. Simultaneous tracings were made with several standard models and compared with that of a wide-band cathode ray recorder whose response was down 3 decibels at 1200 cycles. As we shall see, this is somewhat better than we had arbitrarily selected as our highest response. Gilford felt that the direct-writer was adequate for routine purposes but that research required high fidelity apparatus with a frequency response up to 200 cycles.
It has been customary to make instruments only slightly better than good enough to meet the presumed requirements, partly because of cost and partly because operating complications are introduced at higher frequencies. It is obvious that previous assumptions about frequency response requirements are not based on exact information and that further investigation is indicated.
Method
The ability of fig. 1 .)
It was pointed out above that determination of the necessary frequency response characteristics of an instrument can be achieved by the harmonic analysis of records taken with very high frequency apparatus and by estimating the relative amplitudes of the various harmonics of the complex action current. An adequate frequency limit may then be set at a point just above where the amplitude of (The data for determining positions 3 and 4 were obtained from the paper by S. R. Gilford.6) It was, of course, not always possible to make the response curves of the cathode ray unit agree exactly with the curves for the other types of electrocardiographs, but in general the curves are reasonably representative. In particular, Gilford's curves for string galvanometers actually fall between positions 2 and 3 above. In most cases the response curves on the cathode ray unit do not fall off as steeply as the curves for the other types of electrocardiograph. Table 1 shows the actual frequencies in cycles per second at which certain specific responses were obtained. A large number of records were taken on a variety of normal and abnormal individuals. No attempt was made to study a particular type of case but many examples of congenital heart disease were utilized because high frequency components were common in this group. From 6 to 12 complexes were recorded for each tap position. Where there was variation in the form and size from complex to complex, the patient was asked to hold his breath during the recording. If the variation was not thereby abolished, the record was discarded. It was considered that a frequency response greater than * At that time the response of the cathode ray electrocardiograph was deliberately limited to diminish possible amplifier noise and muscle potential. Cur and increasing density and hence slowing of the trace from left to right. Since the electrocardiographic lead is but a scalar projection of the vector which is the resultant of a multitude of vectorial quantities, it is obvious that rapid reversals in the direction of the ve(tor are visible on the electrocardiogram as notches which are minimized or wiped out in some types of apparatus with limited capabilities. In small animal recordss very rapid waves form an important part of the complex, but whether they have any physiologic or pathologic significance in man is apparently unknown. It is our impression that young individuals with normal hearts are most likely to show these features. It would be interesting to know if there is a progressive loss of these fast waves in serial electrocardiograms in man over a period of years, particularly where the cardiac muscle is diseased.
In some cases progressive decrease and eventual obliteration of small amplitude waves were noted. In figure 2c this is well exemplified in the S and S' waves. In figure 2e the Q is well preserved but the S decreases considerably at position 4 and disappears at position 5.
In figure 3 are shown simultaneous records on the four instruments, in order from above downwards, cathode ray, string galvanometer, amplifier and direct writer. In the complex denoted by x the S is clear in both cathode ray and direct writer records, present but small in the amplifier tracing and frequently absent in that of the string galvanometer. It is fair to assume that the cathode ray traces represent the maximum voltages obtainable with the frequency response at position 1 nal is applied to such an amplifier, the output will eventually return to the baseline,* following a curve which is usually logarithmic in shape. The time constant of an amplifier having such a decay curve is defined as the time required for the output response to fall to 36.8 per cent of its initial value when a steady direct current signal is applied.
Since the decay curve is logarithmic from the start Miller9 modified the circuit so that decay did not begin for 0.1 to 0.2 second. The standard laid down by the Council on Physical Medicine4 states that "the response of the instrument at 0.2 second after the application of a direct current of 1.0 millivolt shall not deviate more than + 10 per cent from the response at 0.04 second." If the shape of the decay curve is assumed to be truly logarithmic this corresponds to a time constant of approximately 2.0 seconds (see figure 7e) evidenced by a drift ('skin current'), whereas it offers little impedance to currents caused by the rapidly fluctuating heart voltage." It was concluded that the important distortions introduced by the use of condensers lay in the amplitude of the R and deviation of the RS-T segment. They calculated that a time constant of 2.0 seconds would be sufficiently long to avoid most distortions and still permit reasonably rapid compensation for drift and similar effects. Recently this subject has been reviewed in detail by Lepeschkin.'4 It is often difficult to obtain satisfactory esophageal leads because of extraneous low In the case of the steady direct current input signal previously mentioned, if the input is suddenly reduced to zero before the output has decayed completely to the base line, the output will be driven in the opposite direction by the full value of the original signal. If the duration of the signal is very short, the sloping top of the wave is often not obvious and only the overshooting below the base line is evident. However, the sloping top must actually be present if the overshooting is observed. The effects of high frequency and of low frequency response are interrelated insofar as the shape of the resultant record is concerned, If the high frequency response is limited, the upward deflection will be sufficiently slowed so that the downward slope at the summit will be minimized.
These distortions are demonstrated in figure  7 . In figure 7a a 1.0 mv. standardizing signal of very short duration with a time constant of 2.0 seconds is shown. The top of the record is flat and the return to the base line is exact (see footnote on page 105). In figure 7b the time constant has been changed to 0.1 second and there is an obvious downward slope at the peak and a dip below the base line. Both of these records were made with the high frequency tap at position 1. (See fig. 1 .) In figure  7c the high frequency has been reduced to position 4 ( fig. 1 ) which slows the upstroke near the peak and the downstroke near the base line. In figure 7d both the low frequency and high frequency responses have been restricted. Compared with figure 7b the downward slope at the summit has been minimized while the base line depression has been little affected.
Although electrocardiographic wave forms are not composed of idealized square waves, one can make certain generalizations from what is known about the performance with square waves. Any interval in which the electrocardiographic wave is appreciably removed from the base line should be considerably shorter in duration than the time constant of the amplifier if the above type of distortion is to be avoided. The exact factor required obviously depends on how much distortion can be tolerated. On an idealized square wave a duration of timeconstant/5 or longer would certainly produce noticeable distortion, whereas any duration less than approximately time-constant/20 would probably be accepted as free from distortion. Wave components very much shorter than the amplifier time constant (rapid, nearly vertical components) will be unaffected by the time constant and will be reproduced at their correct amplitude, provided of course that they are not so rapid that high frequency factors affect them.
The two most important types of wave in electrocardiography which are affected by a time constant as short as 0.1 second are the QRS and the T. In QRS complexes of average duration, say 0.08 second, some distortion may be expected since they are shorter than the amplifier time constant by a factor of less than 2. This will show up partly as a decrease in amplitude because during the rising interval the output will be decaying slightly, and even more noticeably as an overshooting of the base line at the completion of the QRS. Such components as T waves represent relatively long intervals of sustained deflection from the base line. Because these components do not even approach the time-constant/5 standard mentioned above for slightly noticeable distortion, one might expect to find severe distortion occurring with such waves. If the T were truly a square wave and of 0.3 second duration, distortion might be expected in an amplifier system having a time constant of 0.1 second. In .,,_.
Ii-. Figure  7f shows the cathode ray amplifier output when a square wave is applied to the input. The time constant is seen to be very close to the 0.1 second value. Figure 8 shows a series of complexes taken from a large number of patients, some of whom had would render the method valueless and indeed misleading.
To simulate the performance of an electrocardiographic system incorporating a filter of the type described, one of the coupling circuits in the cathode ray electrocardiographic amplifier was modified to give an over-all amplifier characteristic having a time constant of 0.1 second, the same as used by cardiac infarction. The upper of each pair is the complex taken with the usual time constant while the lower is taken with the filter in the circuit, the resulting time constant being 0.1 second. Usually they were not recorded simultaneously but were taken on the same strip, the filter being inserted by turning a convenient control. In some cases simultaneous records were taken on two cathode ray electrocardiographs connected to the same electrodes, one having a "normal" low frequency response and the other a poor low frequency response.
FREQUENACY RESPONSE AND FORlM

Restdats
Depression of R-T or RS-T segment is well demonstrated in figure 8a and b. Elevation of S-T is seen in figure 8h (premature beat) , i, j and k. Gross distortions of T wave are evident in figure 8b, c and d, and in figure 8f , g, h and j. While most of these deformities are of such a type as to simulate those associated with myocardial ischemia, the opposite change may be present. In figure 81 , the S-T depression caused by cardiac infarction is nearly abolished by the introduction of the filter.
Attention is drawn to figure 3 ill the article by Scherlis and his colleagues.?5 The esophageal lead before exercise shows elevation of the S-T segment and an almost straight downward slope similar to that seen ill Our figuie Sk.
Leads E8 and Eio in figure 2a of the paper by the same group1 appear to show the same distortion. Esophageal lead E:3 in figure Ia of another report by the same authors' resembles our figure 81. In another article' lead E7 of figure 2 shows a resemblance to our figure 8k. Further examples of distortion call be found in the above mentioned tracings. Of course some leads will show little if any alteration, and in others changes due both to disease and to poor low frequency response will be present. It is possible to calculate the amount of this distortion'3 and to make allowance for it, but this seems all unnecessarily laborious procedure. With practice one can estimate visually the degree and kind of distortion introduced, but because the alterations in repolarization produced by ischemia of cardiac muscle have certain resemblances to those of defective low frequency response, the interpretation of such records is made difficult or misleading by the use of such a filter in the circuit.
SUMMARY
The depolarization and repolarization of myocardial fibers results in changes in electrical potentials which take place both consecutively and simultaneously throughout the cardiac muscle. These potentials may be represented as vectorial quantities which at present cannot be isolated and analyzed individually, but which, added together, give a composite vector representing the resultant of all these forces regardless of the magnitude, sense and direction of the unit components. The electrocardiogram is the scalar projection of this vector on a chosen axis (lead). The potentials are made up of a variety of frequencies having different amplitudes at various times during the electrically active portion of the cardiac cycle. The origin and significance of the different frequencies of the currents are unkinowvni and appear not to have been investigated. For several technical reasons, much of the recording apparatus has been incapable of registering the higher frequencies. Moreover, in the past, there has appeared to be no sound clinical or experimental ireasoii for demanding iiistr'uments having an extended frequency spectrum. Recent changes and improvements in recordinig methods (direct writer and cathode ray electrocardiographs) have suggested the investigation of the changes in the form and amplitude of the electrocardiogram (and vectorcardiogram) which might be revealed by using high fidelity apparatus.
In some cases, except for slight loss of amplitude of QRS, little or no change could be found when a frequency above 47 cycles per second (3 decibels down) was used at normal paper speed and standardization. In 
